INTRODUCTION
Xylan, a major component of plant hemicellulose, is hydrolysed by the co-operative actions of endo-fl-1,4-xylanase (EC 3.2.1.8), /3-xylosidase (EC 3.2.1.37) and a series of enzymes which cleave side-chain sugars or remove acetyl groups from the xylan backbone. These enzymes, described by Dekker & Richards (1976) , include a-L-arabinofuranosidase (EC 3.2.1.55), ,-glucuronidase (EC 3.2.1.31) and xylan acetylesterase (EC 3.1.1.6). Xylanolytic micro-organisms often synthesize isoenzymic forms of xylanases which are encoded by multiple genes . Some xylanases only hydrolyse xylan (Hall et al., 1989) , whereas others exhibit endoglucanase activity Wong et al., 1988) . Many micro-organisms that hydrolyse xylan also attack other plant cell-wall polysaccharides such as cellulose. In view of the similarity of the substrates cleaved (both contain ,-1,4-glycosidic linkages) and the cross-specificity of some endoglucanases and xylanases, the properties and structural relationships of those enzymes which attack only cellulose or hemicellulose are worthy of examination. A common feature of cellulases from Fibrobacter succinogenes (McGavin & Forsberg, 1989) , Cellulomonas fimi (Ong et al., 1989) , Thermomonosporafusca (Ghangas & Wilson, 1988) , Trichoderma reesei (Van Tilbeurgh et al., 1986) and Pseudomonasfluorescens subsp. cellulosa ) is the presence of two distinct structural domains; a cellulosebinding domain (CBD) and a catalytic domain (CD) . Recent studies have shown that xylanase A (XYLA) from P. fluorescens subsp. cellulosa also contains a CBD which is distinct from the active site . It remains to be established whether such multidomain proteins are prevalent among the other xylanases of P. fluorescens subsp. cellulosa, or if the molecular architecture of XYLA is unique, and a consequence of the evolution of the XYLA gene (xynA) from an adjacent endoglucanase gene (celA; Gilbert et al., 1988) .
With the object of investigating the molecular architecture of further P. fluorescens subsp. cellulosa xylanases, we have determined the nucleotide sequence of a second xylanase gene (xynB) and have analysed the capacity of the encoded enzyme (xylanase B; XYLB) to bind cellulose. Results showed that downstream of xynB is a second gene (xynC), which encodes an arabinofuranosidase (xylanase C; XYLC). The 5' 817 bp of the two genes were identical and encoded a CBD.
MATERIALS AND METHODS
Strains, vectors and culture media Escherichia coli strains employed in this study were JM83
araA(lac-pro), Smg, thi (qS80d lacZAM15) and JM1O1 A(lac-pro), SupE, thi [F'traD36, proAB+, lacP, lacZAM15] . The vectors used were pUC18, pUC19, Ml3mp8, M13mpl8 and M13mpl9 (Norrander et al., 1983) . Genes xynB and xynC were subcloned from pGHJ5 , and the phoA' gene was derived from pMTL221. Recombinant strains harbouring plasmid and bacteriophage were cultured as described by . DNA and Southern hybridization were as described by . Plasmid DNA was extracted from E. coli by 'Brij lysis' and subsequent CsCl density-gradient centrifugation (Clewell & Helinski, 1969) . The rapid-boiling method of Holmes & Quigley (1981) was used for small-scale plasmid isolation.
Nucleotide sequencing DNA from recombinant M13 clones was sequenced by the dideoxy-chain-termination method of Sanger et al. (1980) , except that T7 DNA polymerase (Tabor & Richardson, 1987) was used instead of the Klenow fragment of DNA polymerase. Sequences were compiled and ordered using the computer programs described by Staden (1980) . The complete sequences of xynB and xynC were determined in both strands.
Assays
Xylanase activity was measured by determining the reducing sugar released from oat spelt xylan (Miller, 1959) , and was expressed as xylose equivalents; one unit of enzyme activity released 1 ,umol ofpentose/min. Protein was assayed as described by Lowry et al. (1951) , with BSA as standard. Products released from xylan by the action of XYLB or XYLC were identified by h.p.l.c. Periplasmic proteins (in a final volume of 5 ml) were prepared from 100 ml cultures of E. coli, harbouring either pLE7 or pLE9, as described by Hsiung et al. (1986) . Reaction mixtures (2 ml final volume) contained periplasmic protein (0.1 ml) and oat spelt xylan (0.2 % for XYLB, 1.0 % for XYLC) in 50 mmpotassium phosphate/12 mM-citric acid, pH 6.5, and were incubated at 37°C until there was no further release of reducing sugar. Insoluble material was removed by centrifuging and aliquots (20,l) of supernatant were applied to a CarboPac PAl column (0.4 cm x 25 cm). Material was eluted from the column with 15 ml of 1.75 mM-NaOH, a 5 ml gradient of 1.75-17.5 mMNaOH, 10 ml of 17.5 mM-NaOH and finally 10 ml of 25 mmNaOH. Alkaline phosphatase was assayed as described by Minton et al. (1983) .
Cellulose-binding studies Periplasmic fraction (2 ml), prepared as described above from E. coli cells harbouring xynB, xynC or truncated derivatives of the two genes, was mixed with 2 ml of Avicel (PH 105; 5 %, w/v) suspended in 100 mM-Tris/HCl buffer, pH 7.5, as described by Gilbert et al. (1990) . Cellulose-bound and unbound protein was analysed by SDS/PAGE (Laemmli, 1970) .
Protein sequencing XYLB and XYLC were purified from total periplasmic proteins of E. coli harbouring pLE9 and pLE7 respectively by affinity chromatography with Avicel as described previously for endoglucanase B of P.fluorescens subsp. cellulosa . The N-terminal sequences of XYLB and XYLC were determined by automated Edman sequencing using a 470A gasphase sequenator equipped with a 120A on-line phenylthiohydantoin analyser (Applied Biosystems; Hunkapillar et al., 1983) .
RESULTS
Nucleotide sequences of xynB and xynC Previous studies showed that pGHJ5 contained a 6.2 kb EcoRI restriction fragment of Pseudomonas genomic DNA cloned into the EcoRI site of pUC18. The plasmid directed the synthesis of a functional xylanase . A restriction map of the xylanase-coding region of pGHJ5 is shown in Fig. 1 .
Examination of the nucleotide sequence of the pseudomonad insert in pGHJ5 revealed two open reading frames of 1775 bp (xynB) and 1712 bp (xynC) which were transcribed from the same strand and separated by 148 bp (Fig. 2) . The nucleotide sequences between residues 114 and 931 of xynB and xynC were identical. Translation of the two genes revealed that xynB and xynC encoded proteins with Mr values of 61000 and 59000 respectively. The first 11 amino acids of purified XYLB and . After blunt-ending with T4 DNA polymerase, the DNA was digested with HindIII and ligated to the phoA' gene, which had been isolated on a 1.25 kb StuI-HindIII fragment, coding for mature alkaline phosphatase (residue 8 to the C-terminus). Recombinants were selected in a pAoA-mutant of E. coli by expression of the PhoA+ phenotype using a chromogenic substrate (X-phosphate). XYLC, determined by N-terminal sequencing7 were identical and exhibited a perfect match with amino acid residues 38-46 (inclusive) of the translated sequence. It is therefore likely that the 37 residues preceding the mature N-terminus represent the signal peptides of the respective proteins. The deduced N-terminal sequences of each of the encoded polypeptides consisted of predominantly hydrophobic residues characteristic of bacterial signal peptides, but the basic hydrophilic region, normally present at the N-terminus of secreted bacterial proteins, was less obvious in both XYLB and XYLC. This agrees with our previous observation that two extracellular endoglucanases from the same organism lacked a basic hydrophilic N-terminus, but contained a hydrophobic region within their respective signal peptides Gilbert et al, 1990) . Proposed translational start codons for xynB and xynC ( Fig. 2) were each preceded (7 bp) by the sequence TGGAGA, which is characteristic of the ribosome-binding site of Gram-negative bacteria . Codon utilization in xynB and xynC was similar to that observed in genes celA, celB and xynA from the same organism Hall et al., 1989; Gilbert et al., 1990 ).
Substrate-specificity of XYLB and XYLC
The substrate specificities of XYLB and XYLC, expressed by E. coli cells harbouring pLE9 and pLE7 respectively, were determined. The data (Table I) showed that XYLB and XYLC released 283 mg and 26 mg of reducing sugar per g of xylan respectively.
Analysis of hydrolysis products (Fig. 3) revealed that XYLB liberated predominantly xylobiose with some xylose, and may therefore be regarded as a typical bacterial endo-,8-1,4-xylanase (EC 3.2.1.8) . No disaccharides containing arabinose, the major side-chain sugar of oat spelt xylan, were detected among the products, suggesting that the enzyme does not cleave glycosidic linkages involving xylose residues which are linked to side-chain sugars. Hydrolysis of xylan by XYLC resulted in the production of arabinose, indicating that the enzyme is an arabinofuranosidase (EC 3.2.1.55). Furthermore, its failure to hydrolyse the synthetic substrate p-nitrophenyl a-L-arabinofuranoside suggests that XYLC belongs to a minority group of such enzymes which have a narrow substrate range and are active only against highmolecular-mass substrates in which arabinose is linked to a polymeric backbone (Kaji, 1984) .
The conserved sequence in xynB and xynC Previous studies showed that the 6.2 kb fragment of genomic DNA cloned in pGHJ5 contained sequences which hybridized to other regions of the P. fluorescens subsp. cellulosa chromosome . To locate the repeated region more precisely, three DNA probes generated from pLE12, pLE13 and pLE14 (Fig. I) were hybridized to P.fluorescens subsp. cellulosa genomic DNA which had been restricted with BamHI, PstI or EcoRI, electrophoresed in an agarose gel and blotted on to transfer membrane (Hybond N). The results (Fig. 4) However, inspection of the 817 bp region, conserved in xynB and xynC, revealed no direct or inverted repeats at the ends of these sequences, suggesting that the duplicated region does not constitute an insertion sequence.
An alternative explanation is that the repeated sequence codes for a specific protein domain which is common to a family of related proteins. Thus either loci within the P. fluorescens subsp. cellulosa genome at which the conserved sequence occurs may be the sites of genes that, like xynB and xynC, code for enzymes involved in the hydrolysis of plant structural polysaccharides.
Role of the conserved regions in XYLB and XYLC
The mature forms of the enzymes XYLB and XYLC were identical between amino acid residues 39 and 311. Within this region, features of primary structure common to other cellulases and xylanases of P. fluorescens subsp. cellulosa were discernible.
Firstly, two regions rich in hydroxy amino acids were apparent Hall et al., 1989; Gilbert et al., 1990) . Secondly, the sequence spanning residues 39-136 of XYLB and XYLC exhibited similarity with the CBD previously shown to be present in one xylanase (XYLA) and two endoglucanases (EGA and EGB) from P. fluorescens subsp. cellulosa . To investigate whether XYLB and XYLC contain CBDs, periplasmic fractions prepared from E. coli JM83 harbouring pLE9 and pLE7 respectively were incubated with crystalline cellulose (Avicel). Results (Fig. 5) showed that both recombinant strains expressed a protein with an Mr of 58000 which bound tightly to cellulose and could be eluted with SDS. N-Terminal sequence analysis of these two proteins confirmed their identity as XYLB and XYLC respectively. To determine the location of the CBDs in XYLB and XYLC, the conserved sequence was deleted from xynB and xynC and the catalytic activities and cellulose-binding capacities of the enzymes encoded by the truncated genes were assessed. The data ( with xylan The retention times of the sugar standards arabinose (A), glucose (G), xylose (X) and xylobiose (Xo) were 6.6, 12.2, 13.3 and 21.9 min respectively (d). A blank consisting of xylan incubated for zero time with the periplasmic proteins is shown in (a). The conditions of the enzymic reactions and subsequent sugar analyses are described in the Materials and methods section. The three probes consisted of the pseudomonad insert in pLE13 (a), pLE14 (b) and pLE12 (c). Pseudomonas genomic DNA was digested with BamHI (1), SmaI (2), EcoRV (3) and EcoRI (4). The conditions used for radiolabelling the probes and subsequent Southern hybridization were as described by Gilbert et al. (1988) . The filters were autoradiographed on X-ray film at -70°C for 2 h. The position and sizes of restriction fragments generated by digesting A-DNA with HindlIl are shown. phosphatase activity and bound tightly to cellulose; alkaline phosphatase alone was unable to bind to cellulose (Table 3 ). These data show that the CBD is located in the N-terminal portion of XYLC (and XYLB) and, more specifically, occupies the region which displays sequence identity with other cellulases and xylanases of P.fluorescens subsp. cellulosa, known to contain CBDs. It has been argued that the presence of a CBD may confer cellulase activity (West et al., 1989) . This is clearly not the case, since it is now apparent that two xylanases [XYLA and XYLB] and one arabinofuranosidase (XYLC) from P. fluorescens subsp. cellulosa also contain CBDs.
DISCUSSION
The results described here show that two genes which encode enzymes involved in hemicellulose hydrolysis are located in close proximity on the chromosome of P. fluorescens subsp. cellulosa. A remarkable feature of the genes is that they are identical over approximately half of their primary sequences, even though the encoded enzymes have widely differing substrate specificities. In addition, the conserved region in the respective proteins is not essential for catalytic activity but, in part, constitutes a CBD. The conserved DNA sequence of the genes xynB and xynC is reiterated elsewhere in the genome of P. fluorescens subsp. cellulosa. The data presented pose some interesting questions with respect to the phylogeny of xynB and xynC.
Perhaps the most obvious explanation for the conservation of sequence is that xynB was duplicated to produce a second gene (xynC), which subsequently underwent substantial mutation, resulting in the change in substrate specificity. The lack of alteration at the 5' end of xynC could reflect a strong selective pressure for retention of cellulose-binding capacity by the encoded enzyme. However, other cellulases and xylanases from P. fluorescens subsp. cellulosa, which contain a CBD, do not exhibit 100 % identity such as occurs between xynB and xynC (Fig. 6) The present results confirm earlier studies Gilbert et al., 1990) showing that only part of the conserved sequences of Pseudomonas plant-cell-wall-degrading enzymes constitute CBDs. Within the conserved regions of cellulases and xylanases from a variety of micro-organisms, and also mammalian sucrase-isomaltase, are sequences rich in hydroxy amino acids. These structures are thought to be linker sequences between functional domains of proteins. O-Glycosylation of the threonine and serine residues confers protection against proteolysis (Fagerstam et al., 1984) . From the foregoing discussion it is apparent that the primary structure between the regions rich in hydroxy amino acids, in XYLB and XYLC, is not essential for catalysis or cellulose binding. However, the fact that this sequence is highly conserved is indicative of an important role in enzyme function, and it is our belief that it could be involved in secretion of these extracellular proteins; alternatively it could constitute a docking sequence which interacts with other enzymes to form a plant-cell-wall-degrading multienzyme complex.
The data presented here, in conjunction with previous studies Hall et al., 1989; Gilbert et al., 1990) 
